The effects of postextrasystolic potentiation (PESP) on the contractile performance of central ischemic and border zones, as well as of nonischemic myocardium, were studied in 14 open-chest dogs subjected to a 4-hour left anterior descending coronary artery ligation followed by 1 hour of reperfusion. Intrinsic mechanical function during right ventricular pacing (134 4 3 beats/min) was compared with function in beats after single, closely coupled (179 i 3 msec) extrasystoles throughout ischemia and reperfusion. Regional myocardial blood flow using radioactive microspheres and infarct size using tetrazolium blue staining were also measured in these segments. PESP was capable of augmenting border zone segment performance to control levels throughout 4 hours of ischemia. PESP significantly augmented central ischemic zone segment function throughout ischemia, but not to control levels. After prolonged ischemia, reperfusion improved both regional intrinsic and potentiated mechanical performance in border and ischemic zones. At 4 hours of ischemia, myocardial blood flow decreased 52% (to 60 ml/100 g/min) in the border zone and 78% (to 28 ml/100 g/min) in the ischemic zone. Infarct size (the percentage necrosis of the transmural segment) measured 55 ± 10% and 74 ± 7% in border and ischemic zones, respectively.
the border zone between areas of normal and intensely ischemic myocardium, may be reversibly damaged and capable of recovering their contractile properties under proper circumstances.5' 6 To date, the duration of coronary occlusion after which mechanical performance can no longer recover with reperfusion has not been clearly defined. Analyses of biochemical, histochemical and electron microscopic parameters of ischemic cardiac muscle would suggest that irreversible myocardial changes occur when an experimental coronary occlusion is maintained for more than 20 minutes,7' 8 although this remains controversial. 4' Recent studies indicate that postextrasystolic potentiation after spontaneous or induced extrasystoles may define an inotropic contractile reserve in ischemic myocardium,10-12 and may identify latent myocardial function by improving wall motion abnormalities in patients with ischemic left ventricular dysfunction.'3`1 However, there has been no systematic assessment of the contractile performance of ischemic myocardium using postextrasystolic potentiation to determine quantitatively the progression of regional contraction abnormalities beyond 2 hours after coronary occlusion. '2 In this study, we identified the time sequence of changes in the contractile properties of ischemic 1063 NO 6 1980 myocardium by comparing changes in intrinsic regional mechanical performance to the potentiated contractile responses after closely coupled extrasystoles during a 4-hour coronary occlusion followed by 1 hour of reperfusion. We also measured regional myocardial blood flow before coronary artery ligation and after 4 hours of ischemia, and the relative amounts of infarcted tissue in normal, border and central ischemic zones of myocardium.
Methods

Experimental Preparation
Fourteen adult mongrel dogs weighing 16-28 kg were anesthetized with intravenous chloralose, 30 mg/kg, and urethane, 450 mg/kg. Small, supplemental doses of these agents were administered as required to inhibit the ocular blink reflex. An endotracheal tube was inserted, and the dogs were ventilated with a Bennett PR-2 respirator using 40% oxygen. The ventilator was adjusted to maintain a normal arterial blood pH. A left thoracotomy was performed, and the exposed heart was supported in a pericardial cradle. A reversible ligature was placed beneath the left anterior descending coronary artery approximately 3 cm below its origin ( fig. 1 ). A bipolar pacing electrode was inserted into the right ventricle and connected to a model S44B square-wave pulse stimulator (Grass Instruments, Quincy, Massachusetts).
A femoral artery was cannulated with a #8F Cournand catheter and connected to a Statham P23Db pressure transducer. The left ventricle was cannulated via a left atriotomy with a high-fidelity, catheter-tip transducer (Millar Instruments, Houston, Texas) to measure left ventricular systolic and end-diastolic pressures. The peak first derivative of left ventricular pressure rise (dP/dt) was obtained electronically. These pressures and heart rate were recorded on a Brush 480 multichannel recorder (Gould, Inc., Instrument Systems Division, Cleveland, Ohio).
Right ventricular pacing was performed in all dogs at a constant rate of 134 ± 3 beats/min (mean ± SEM). A single, closely coupled extrasystole (3-msec duration, 5-7-mA amplitude) was introduced via the right ventricular pacing electrode in the cardiac cycle immediately after emergence from the refractory period. The pulse stimulator was designed with special gating circuitry to produce a complete compensatory pause, thereby allowing maximum postextrasystolic potentiation to ensue. In all dogs, several coupling intervals were used before coronary occlusion to determine the shortest coupling interval that would produce ventricular capture for that experiment. A fixed coupling interval of 179 ± 3 msec after the preceding R wave was used to produce the maximum postextrasystolic potentiation response throughout the experiment at the same heart rate.
Regional Mechanical Function
Three mercury-in-Silastic segment-length gauges (0.34 mm i.d. and 0.64 mm o.d., Parks Electronics, Beaverton, Oregon) were inserted after calibration AD ;XLA FIGURE 1. Schematic representation of the anterior surface ofthe canine left ventricle, illustrating the site ofattachment of epicardial segment-length gauges in the central ischemic zone (IZ), border zone (BZ) and control zone (CZ). Ischemia was induced by tightening the polyethylene snare on the left anterior descending coronary artery (LAD). Pressure was measured with a catheter-tip pressure transducer inserted into the left ventricle (LV) via a left atriotomy. A bipolar pacing electrode was sutured through the wall ofthe right ventricle (R V). An electrode for measuring epicardial electrograms in control, border and ischemic zone segments is aiso shown. Dotted area refers to the area of ischemia induced by coronary occlusion. Ao = aorta; PA = ptlmonary artery, LA = left atrium. into small (8-mm diameter) Teflon holders sutured directly to the anterior surface of the left ventricle ( fig.  1 ), one in the central zone of distribution of the left anterior descending coronary artery (LAD), one in an area remote from the area of the LAD distribution and one along the border between these two regions. The border zone was determined by occluding the LAD for 10 seconds to grossly define the margin of cyanosis induced by the transient interruption of coronary flow. After release of the ligature, the gauge was positioned along the perimeter of the cyanotic border. The gauges were attached parallel to the myocardial fibers, an orientation that has produced consistent morphology of segment-length tracings in this laboratory.'o 17 Previous studies have shown stable linearity and gain in these gauges.'e These segmentlength gauges were attached by means of Wheatstone bridge circuits (Model 270, Parks Electronics Laboratory, Beaverton, Oregon) to the Brush model 480 multichannel recorder.
Experimental Protocol
When hemodynamic stability was achieved, control measurements of heart rate, left ventricular pressures, phasic and mean systemic arterial pressures and phasic segment length from all three zones were made. Similar measurements were obtained after the introduction of a closely coupled extrasystole.
After control measurements were obtained, the LAD coronary artery was occluded to produce a focal area of ischemia. Hemodynamic and mechanical measurements were made at 15-minute intervals, and the effects of postextrasystolic potentiation on regional mechanical performance were assessed at similar intervals throughout the period of ischemia. After 4 hours of total coronary occlusion, the ligature was released, and reperfusion was permitted for 1 hour. Serial measurements were performed at 15minute intervals throughout reperfusion.
An index of regional segmental work was then obtained by plotting instantaneous left ventricular pressure vs segment length in each of the three myocardial zones both before and after single, closely coupled extrasystoles. The pressure-length loop areas and the direction of their inscription were used as measures of intrinsic and potentiated contractile performance. 1118,19 (figs. 2 and 3).
Pressure-length loops were constructed by manually plotting instantaneous left ventricular pressure vs segment length in each of the three myocardial zones. Because there were slight beat-to-beat variations during respiration, care was taken to choose a cardiac cycle that was similar to others during that measurement period, and this was confirmed by at least two of the authors. Because only one or two extrasystoles were usually interposed during any given measurement period, the cardiac cycle showing the greatest segment-length potentiation was chosen for analysis and again confirmed by at least two of the authors. Areas for both intrinsic and potentiated pressurelength loops were obtained by planimetry.
Myocardial Blood Flow Measurements
Regional myocardial blood flow was measured in eight dogs by infusing 57Coor 59Mn-labeled radioactive microspheres (15 ± 3 ,u in diameter, 400,000-600,000 microspheres per injection) into the left ventricular catheter before coronary occlusion and after 4 hours of ischemia. Reference blood samples were collected at a rate of 7.75 ml/min from the aortic catheter beginning 20 seconds before each microsphere injection and continuing for 90 seconds thereafter using a withdrawal pump (Harvard model 1210, Harvard Apparatus, Millis, Massachusetts), as previously detailed.20
After tetrazolium blue staining and photography, a wedge of the transmural myocardium subtending the gauge holders in each of the three myocardial segments and the reference blood samples were weighed and counted in a gamma well scintillation counter. Absolute blood flow to each transmural myocardial segment was calculated by the reference sample method as follows: myocardial segment flow (ml/ 100 g/min) = arterial reference flow (ml/min) X myocardial segment nuclide activity X 100/arterial reference nuclide activity X myocardial segment weight (g).
Histologic Estimation of Myocardial Necrosis
At the conclusion of each study, the dog was sacrificed with intravenous sodium pentobarbital and the heart was removed. Full-thickness strips of the left ventricular free wall were cut transversely at 1-cm distances, parallel to the gauge holders, from control, border and ischemic zone segments. Each section was then further transected perpendicular to the left ventricular surface at the points of attachment of the gauge holders, so that the specimen contained the portion of myocardium whose mechanical activity was sampled by the segment-length gauge. The transmural cut sections were stained in tetrazolium blue at 37°C for 20 minutes. After staining, high-speed, black-andwhite photographs of each transmural segment were obtained. The area of necrosis and the total crosssectional area of the tissue segments were measured by planimetry. The area of necrosis was expressed as a percentage of the total cross-sectional area. Nonnecrotic tissue was intensely stained, whereas necrotic myocardium was not stained.'
Statistical Analysis
The experimental results from the control, ischemia and reperfusion periods were analyzed by analysis of variance for repeated measures.22 The statistical significance of differences between the control and experimental values during ischemia and reperfusion were determined by Dunnett's test. 23 The effects of postextrasystolic potentiation on mechanical performance, however, were determined statistically by paired t test, which compared pairs of pressure-length loop areas obtained before and after an extrasystole during each measurement period. The paired t test was also used to determine the effects of reperfusion by comparing values obtained at 4 hours of ischemia and 30 minutes of reperfusion. The changes were considered statistically significant ifp values were < 0.05. Values given in the Results section are mean ± SEM (n = 14 for all measurements, except regional myocardial blood flow, where n = 8).
Results
Hemodynamic Changes Table 1 presents hemodynamic measurements during preischemia, ischemia and reperfusion. Heart rate, coupling interval and mean aortic pressure were constant throughout the experiments. However, left ventricular end-diastolic pressure rose immediately to a peak value at 10 minutes of ischemia and returned to the control value at 2 hours of ischemia. Left ventricular dP/dt fell during ischemia but rose slightly after reperfusion.
Regional Mechanical Function: Postextrasystolic Potentiation Response
Before coronary occlusion ( fig. 2 ), phasic recordings of segment length during the cardiac cycle were characterized by lengthening during isovolumic contraction. Systolic shortening followed during the left Abbreviations: LVEDP = mean left ventricular end-diastolic pressure; dP/dt left ventricular pressure. ventricular ejection period, and phasic segment-length amplitude further decreased during isovolumic relaxation. Immediately after coronary occlusion ( fig. 3 ), there was an abrupt change in the contraction pattern of the ischemic segment. This change was the same in all dogs and was characterized by a marked increase in the phasic segment-length amplitude and the development of typical systolic aneurysmal bulging, as indicated by the rounded systolic contours during the SEGMENT LENGTH. f(cm control, border and ischemic myocardial segments at each measurement period during ischemia and reperfusion as an index to quantify mechanical function and the potentiated contractile state after a closely coupled extrasystole ( fig. 4 ). During preischemia, ischemia and reperfusion, control zone intrinsic mechanical performance declined slightly but not significantly. After closely coupled extrasystoles were introduced, pressure-length loop areas increased significantly at all periods of measurement. Conversely, within minutes after coronary occlusion, border zone intrinsic mechanical function deteriorated significantly, to 33% of control at 30 minutes of ischemia and to 8% of control by 4 hours of ischemia. Nevertheless, postextrasystolic potentiation augmented border zone mechanical performance to control levels at each point of measurement throughout ischemia. With reperfusion, border zone intrinsic mechanical function improved substantiallyfrom 8% of control at 4 hours of ischemia to 16% of control at 30 minutes of reperfusion. Despite this improvement in intrinsic function, the border zone response to postextrasystolic potentiation was no greater during reperfusion than at 4 hours of ischemia.
Ischemic zone segment function fell rapidly within seconds of coronary occlusion with markedly negative values for loop area. These negative values were associated with clockwise pressure-length loops ( fig.   3 ). While the level of intrinsic mechanical performance reached a rapid nadir and stabilized at that low level of function throughout ischemia, postextrasystolic potentiation consistently produced a slight improvement in pressure-length loop area and loop morphology at each point of comparison during ischemia. Intrinsic mechanical performance was less depressed at 30 minutes of reperfusion than at 4 hours of ischemia (pressure-length loop area changed from 12 + 2 to 6 ± 2 mm Hg-cm, p < 0.05) although the values were still negative, and -these changes persisted through 1 hour of reperfusion. With postextrasystolic potentiation, the mean pressure-length loop area increased from -5 ± 4 mm Hg-cm at 4 hours of ischemia to -0.5 + 3 mm Hg-cm at 30 minutes of reperfusion (p < 0.05).
Regional Myocardial Blood Flow and Histologic Infarct Size
The mean regional myocardial blood flow in all three myocardial zones before coronary occlusion was 126 ± 20 ml/100 g/min. At 4 hours of ischemia, mean border zone myocardial blood flow declined 52%, to 60 + 13 ml/100 g/min, and ischemic zone myocardial blood flow fell 78%, to 28 + 4 ml/100 g/min. The mean infarct size (as a percentage of total cross-sectional area) in border and ischemic zones was 55 ± 10%o and 74 ± 7%, respectively, as determined by tetrazolium blue staining.
Discussion
Studies from this laboratory'°in the dog have shown that during 10-minute periods of coronary occlusion, postextrasystolic potentiation augmented border zone segment function to control levels and ischemic zone segment function to significantly higher levels, although not to control levels. The results of the present study indicate that border zone segment function can be potentiated to control levels througho'ut 4 hours of ischemia and 1 hour of reperfusion, despite as much as a 92%o reduction in intrinsic segmental work during ischemia, as measured by the pressure-length loop area. In addition, central ischemic zone segment function, which deteriorates profoundly and remains extensively depressed throughout 4 hours of ischemia, also potentiates to significantly less depressed levels at each point of comparison. These data indicate that there is gradation of impairment in intrinsic mechanical performance in border and central ischemic zones during coronary occlusion, and that these levels of performance stabilize within 10 minutes after coronary occlusion. Moreover, despite the derangement in mechanical function with ischemia, cardiac muscle (particularly border zone segments) can be made to potentiate mechanically to levels of consistently higher performance. Just as there is a gradation of intrinsic mechanical dysfunction during ischemia, there is a corresponding gradation of inotropic contractile reserve after postextrasystolic potentiation up to 4 hours after coronary occlusion.
During reperfusion, both intrinsic mechanical performance and potentiated contractile performance in central ischemic zone segments improved significantly compared with 4 hours of ischemia. Additionally, border zone intrinsic mechanical performance was significantly higher with reperfusion compared with 4 hours of ischemia. It is unclear whether these less negative values for pressure-length loop area in the central ischemic zone during reperfusion indicate a return of contractile function or, alternatively, whether they are related in part to other mechanisms, such as changes in diastolic compliance or tethering of the "stiff" central ischemic region by surrounding tissue that is less ischemic.2' This apparent improvement in mechanical performance after reperfusion of intensely ischemic myocardium warrants further investigation to clarify its potential significance.
The time-course of myocardial cell survival after acute experimental coronary occlusion is poorly defined. Transient coronary ischemia lasting only a few minutes results in totally reversible mechanical changes,`6 although complete restoration of mechanical function to normal may take hours. 25 Other investigators have shown that there may be considerable tissue salvage of ischemic myocardium from 1-4 weeks after coronary reperfusion after a 2-3-hour coronary occlusion, particularly in marginally ischemic segments where coronary flow was not critically reduced.4" The true limit for irreversible myocardial changes after coronary occlusion is the subject of continuing investigation and controversy. Many investigators, using a variety of techniques and a variety of end points to establish nonviability of ischemic myocardium, have shown that myocardial necrosis can result when an experimental myocardial infarction is maintained for 20-45 minutes. Sommers and Jennings7 have investigated histologic changes in the posterior papillary muscle after temporary occlusion of the left circumflex coronary artery and showed that all myocardial cells survived an ischemic insult up to 18 minutes. However, periods of ischemia in excess of 20 minutes were associated with irreversible injury of some cells, the number of which increased with the duration of ischemia to almost uniform cell death by 60 minutes. Kloner et al.8 demonstrated the occurrence of a "no-reflow" phenomenon in some parts of the canine posterior papillary muscle after 90 minutes of ischemia, as assessed by fluorescent vital stain for endothelium. It should be emphasized, however, that these and similar studies on the posterior papillary muscle of the dog may not be entirely comparable to those performed with ligation of the left anterior descending coronary artery, because the latter model may contain tissue sustained by some degree of collateral coronary blood flow. 4 With respect to mechanical performance, however, in-vestigations from this laboratory,", 16 and others11 12 indicate that postextrasystolic potentiation after spontaneous or induced premature beats may define an inotropic contractile reserve in ischemic myocardium. Our previous investigation'0 and our current study are somewhat at variance with the recent report of Crozatier et al.,12 who showed a rapid loss of postextrasystolic potentiation during the first few minutes of ischemia in central ischemic zones and a substantial decline in postextrasystolic potentiation in marginal segments during 108 minutes of ischemia. Our data show that border zone segment function, despite substantial injury by tetrazolium blue staining and considerable flow reduction by radioactive microspheres, can be augmented to control levels throughout 4 hours of ischemia with postextrasystolic potentiation, while central ischemic zone segment function, although profoundly impaired, nonetheless augmented to significantly higher values throughout prolonged ischemia. Moreover, the apparent improvement in central ischemic zone performance with reperfusion indicates that mechanical recoverability may persist for prolonged time periods after coronary occlusion.
There are several differences between our current study and Crozatier's.12 1) We used epicardial mercury-in-Silastic length gauges to measure regional mechanical function, while Crozatier et al. used intramyocardial ultrasonic crystals. 2) We included corroborative measurements of ischemic injury by using regional myocardial blood flow and estimating infarct size with tetrazolium blue, while Crozatier did not. 3) All of our experiments were conducted at a paced heart rate with tightly coupled, induced extrasystoles that served to produce complete compensatory pauses throughout ischemia and reperfusion. Crozatier's study used spontaneously occurring extrasystoles of varying coupling intervals and compensatory pauses in all but four experiments. 4) Measurements of regional performancewith and without postextrasystolic potentiationin our model were obtained simultaneously in all three myocardial zones in all experiments, whereas few of Crozatier's mechanical performance measurements were from all three zones in any given experiment. Clearly, certain differences are inherent in each model. Further studies will have to be conducted to reconcile some of these differences.
Epicardial segment length measurements may not accurately define transmural segmental performance. Because significant alterations may occur in endocardial-epicardial flow ratios after coronary artery ligation,5 and because the degree of ischemic contraction abnormalities can be related to the magnitude of reduction of blood flow,"9 we cannot conclude that regional function measured by the mercury-in-Silastic length gauge is wholly representative of transmural segmental performance. Nevertheless, wel10 16 and others'8 1'9 have found changes during acute ischemia in the magnitude and direction of pressure-length loop inscription using mercury-in-Silastic length gauges that are similar to those obtained by means of subendocardial ultrasonic crystals.'4 12, 25 Epicardial-endocardial regional blood flow profiles were not obtained in any of our experiments. We are, therefore, unable to conclude to what degree regional mechanical contractile preservation may have been attributable to retained epicardial blood flow in this model. However, both transmural regional myocardial blood flow and tetrazolium blue estimation of infarct size indicated that the magnitude of ischemic injury in border and ischemic zones was substantial.
The concept of a border zone between regions of intensely ischemic and nonischemic myocardium is controversial. Experimentally, there appears to be a substantial body of histologic,26 biochemical,27 contractile,0' 28, 29 and myocardial blood flow8' 6 data to support the existence of a border zone after an acute myocardial infarction surrounding an area of maximal ischemia, although this concept is not universally accepted.27 It has been argued that this zone is actually a heterogeneous combination of normal and infarcted myocardium, thus implying that an "all-or-none" phenomenon applies to any given cell.30 Kirk and associates31 performed three-dimensional geometric reconstruction of infarcted myocardium in dogs to identify the histologic basis for border zones adjacent to ischemic myocardial segments. Their data suggest that there is an extremely irregular but sharp boundary demarcating necrotic from normal myocardium, and that the histologic border zone consists of interdigitating "peninsulas" of continuous homogeneous normal and infarcted tissue. Hearse et al.,27 on the other hand, using a series of variables, defined the size of the border zone as 8-15 mm wide in dogs, and thus calculated that a considerable amount of border zone myocardium may be present when tissue samples are obtained for analysis 21-26 minutes after coronary occlusion. Our study suggests that ischemic contractile behavior, especially in border zone segments, may persist considerably longer, although it is unclear whether this potential mechanical reserve will define a zone of salvage that might be amenable to interventions designed to reduce the extent of acute ischemic muscle damage.
Increasingly, attempts are being made to revascularize ischemic myocardium early in the course of myocardial infarction,32 and improvement of left ventricular performance after revascularization has been observed in both acute and chronic phases of myocardial ischemia. [33] [34] [35] The preoperative recognition of ischemic yet viable myocardium is critically important if coronary revascularization for the reperfusion of potentially salvageable muscle is to be used optimally. As a corollary, quantitatively measuring the magnitude of residual viability of malfunctioning regions of the left ventricle may define a critical mass of myocardium that might avert the development of power failure, if portions of the ischemic left ventricle were to be revascularized. The improvement in border zone segment function to control, preischemic levels with postextrasystolic potentiation after 4 houirs of coronary occlusion supports the existence of a considerable contractile reserve during prolonged ischemia. Moreover, the late changes in regional intrinsic mechanical performance, as well as the poten-tiated contractile performance, of intensely ischemic myocardium after reperfusion in this model suggests that the time-litnit for irreversible ischemic damage may be longer than 4 hours in some regions of the canine left ventricle. Therefore, despite evidence of ischemic injury by myocardial blood flow reduction and tetrazolium blue staining, contractile performance may be preserved and potentially salvageable by revascularization for extended time periods. It may well be that the traditional concepts of reperfusion in-jury8s 9 after prolonged myocardial ischemia do not apply to all segments of ischemic myocardium. The net effect of reperfusion may, in fact, be beneficial to mechanical performance and not necessarily detrimental.4' 8, 9, 36, 37 While the enhanced contractile performance of ischemic myocardium with postextrasystolic potentiation in this study may indicate latent viability, conclusions regarding the ultimate fate of ischemic myocardium, particularly in relation to assessing the efficacy of therapeutic interventions, must await further investigation.
